The empirical relationship between solar radiation and sunshine duration in Thailand is studied in this paper. Although regional long-term regional solar radiation has not yet been measured in Thailand, the data of sunshine duration measurements are available. Hence, measurement of global solar radiation is conducted to find the relationship between daily solar radiation and sunshine duration, which is mostly linear. The distribution of regression coe‰cients is examined and the formula that can be applied in Thailand is estimated. The e‰ciency of the proposed formula is validated through its prediction. The result shows that the accuracy of the country-wide regression equations can be comparable to that constructed at each station. Moreover, it is found that the proposed equations are more e¤ective from May to November than from December to April. The proposed equations are applied to estimate solar radiation in Thailand and the di¤erences in their prediction are found in the characteristics of statistical distributions between May-November and December-April.
Introduction
Solar radiation (Rs) is the main energy input for ground surface and vegetation. Energy plays an important role not only in the thermal balance, but also in evapotranspiration, plant activity, and material circulation. Hence, Rs is vital for understanding the energy budget and it provides vital input forcing data to numerous models. However, regional long-term measurements of Rs have not been carried out in many countries, such as Thailand.
In radiation climatology, empirical relationships have been commonly used to estimate global radia-tion from sunshine duration or, less frequently, from cloudiness (Noguchi 1981) . The former method was first introduced by Angströ m (1924) , and later modified by Prescott (1940) to
where Rs 0 is the value of Rs at the top of the atmosphere, n is the actual number of hours of bright sunshine, and N is the maximum possible number of daylight hours. The parameters a and b are empirical constants that depend on the location, season, and state of the atmosphere. The following method was proposed by Kimball (1928) by using the mean fractional cloud cover (m c ) instead of the relative duration of sunshine (n=N), and Pochop et al. (1968) applied the analog of Prescott (1940) 
Several other correlation equations similar to Equations (1) and (2) have been proposed in the literature (see the review by Brutsaert 1982) .
To choose an Rs calculation technique, factors such as data availability, the intended use of the estimation, and the time scale required by the problem must be considered (Glover and McCulloch 1958a; 1958b) . Several studies have estimated Rs from sunshine duration in various countries and regions (e.g., Noguchi 1981; Kondo et al. 1991 ). In addition, some studies (e.g., Yang and Koike 2005; Yang et al. 2006) have estimated Rs by considering the radiation extinction using a few additional meteorological variables such as air temperature and relative humidity. Although these methods are more precise, additional data are needed. In Thailand, the sunshine duration was measured daily for about 30 years at 43 agrometeorological stations of the Thai Meteorological Department (TMD). Some previous studies have estimated Rs by applying Equation (1), but with only rather limited Rs observations for validation (e.g., Exell and Saricali 1975; Hayashi and Vorasoot 1989) . According to these studies, daily mean data are better suited as model input data.
Based on these data sources and applications, the objectives of this study are to investigate the potential of estimating Rs using only daily sunshine duration data and to propose a practical method for estimating Rs in Thailand. Rs have been measured from May of 1998 on at 10 agrometeorological stations of TMD in Thailand. In addition, the available Rs measurement data in a tropical zone are vital to this study since regional long-term measurements of Rs have not yet been carried out in Thailand.
Material and methods

Study site
Thailand is located in the Southeast Asian monsoon region. Its climate is divided into rainy and dry seasons, with approximately 90% of precipitation falling during the rainy season. Since the relationship between sunshine duration and solar radiation in the dry season is di¤erent from that in the rainy season, a year is split into two periods, one from May to November (M-N) rainy season and the other from December to April (D-A), dry season. The daily sunshine duration was measured using a Campbell-Stokes Recorder at the TMD agrometeorological stations. The sunshine duration is recorded hourly, and Rs values lower than 150 W m À2 (13 MJ day À1 ) are recorded as no sunshine. This means that if Rs is lower than 150 W m À2 (13 MJ day À1 ), the recorded value is zero. The Rs data used in this study were observed by using pyranometers (PCM-01, PREDE Co. Ltd., Japan) covering the northern, mountainous, eastern, central, and southern regions of Thailand. Data were logged every minute, averaged over 10 minutes, and recorded by a data logger (KADEC-U21, KONA SYSTEM Co., Ltd., Sapporo, Japan). Finally, all data were grouped by day, and data with worse quality were objectively removed. Data from a total of 10 stations are used: Lampang, Nan, Doi Musoe, Tha Phra, Ubon Ratchathani, Pak Chong, Tak Fa, Kampaeng Saen, Surathani, and Khohong. Figure 1 summarizes the location, latitude, longitude and altitude of these stations. Data from 1998 to 2000 were used to investigate and develop the Rs estimation method, and the proposed method was validated using data from 2001 to 2002. Figure 2 plots the time series of observed daily Rs at the Lampang (LP), Kampaeng Saen (KP), and Khohong (KH) stations, and their averages and standard deviations are given in Table  1 . Although the statistical distributions are di¤erent at each station, no statistically significant di¤erence (significance level e 0.05) of the mean and standard deviation was found between the two periods (1998-2000 and 2001-2002) .
Methodology
In this study, Equation (1) is used to estimate Rs. Here, N and Rs 0 can be calculated based on the date and latitude of the observation. However, since when n is zero the linear equation is not suitable for the estimation of relative Rs, the following estimation is used: with parameters a and b are estimated from the linear regression between n=N and Rs=Rs 0 , and c is the average of observed Rs=Rs 0 when the sunshine duration is zero.
To examine whether the daily sunshine duration can estimate Rs accurately on a daily time scale, a statistical analysis is conducted using the Rs and sunshine duration measured at the 10 TMD agrometeorological stations. Two statistical indicators are used: the root mean square error (RMSE) and the mean absolute percentage error (MAPE):
where x obs and x pdt denote the observed and predicted data, respectively, and i is the year of the data and m is the total number of years.
Results and discussions
3.1 The relationship between n=N and Rs=Rs 0 in Thailand As noted above, a practical method for Rs estimation in Thailand would use only daily sunshine duration data as input. To evaluate its capability, the relationship between n=N and Rs=Rs 0 for n > 0 is analyzed by using the observed Rs and sunshine duration data from 1998 to 2000. Figure 3 plots the relationship between the mean values of n=N and Rs=Rs 0 at each observation station, which is calculated only when n=N > 0. As seen, the scatter patterns during the M-N and D-A periods are clearly di¤erent. Furthermore, mean n=N shows a linear correlation with mean Rs=Rs 0 during the M-N period (solid line), but not during the D-A period (dashed line), indicating that the radiation climatology relationships are di¤erent between the two periods. In addition, it suggests that the di¤erence in climatic characteristics between regions is larger in the D-A period than in the M-N period. Figure 4 presents the relationship between daily mean n=N and Rs=Rs 0 during the M-N period at LP, DM, TF , UB, and KH station, located in the northern, mountainous, central, eastern, and southern regions of Thailand, respectively. This figure shows that n=N is correlated with Rs=Rs 0 on the daily scale at each station, which has also been identified at other stations. Hence, it can be as- sumed that the relationship between n=N and Rs=Rs 0 , i.e., the radiation climatology relationships, is similar at all stations during the M-N period. In other words, the cuto¤ ratio of Rs by cloudiness is similar at all the stations in Thailand during the M-N period. Figure 5 shows the relationship between daily mean n=N and Rs=Rs 0 during the D-A period at the stations shown in Fig. 3 . In contrast to Fig. 3 , Fig. 5 shows that almost all of the plots for each station are located at larger n=N (i.e. reflected clear days) except for KH, which is located in the south. The pattern and regression of KH during the D-A period were similar to those during the M-N period. These characteristics are also found at ST, which is also located in the south region. Therefore, the relationship between n=N and Rs=Rs 0 in the south region can be considered similar in the M-N and D-A periods. The pattern and regression of other stations during the D-A period also appears to be similar to those during the M-N period. However, this interpretation is less reliable because there are fewer plots with n=N below 0.7 compared with the case in the south region. In other words, the relationships between n=N and Rs=Rs 0 during the D-A period are di¤erent in the south from those in other regions, which is likely due to more clouds in the south regions. Figure 6 shows the relationship between the daily mean n=N and Rs=Rs 0 at all stations during the M-N period, the D-A period, and for all seasons. For the case of the M-N period, the daily mean n=N show a linear correlation with daily mean Rs=Rs 0 , which is the same as the individual relationship between n=N and Rs=Rs 0 shown in Fig. 3 . The patterns and parameters a and b are also similar to those estimated at individual stations (Fig. 3) . Therefore, the assumption that Rs=Rs 0 is a linear function of n=N at all stations during the M-N period is confirmed. For the case of the D-A period, a linear correlation is also identified between daily mean n=N and Rs=Rs 0 . The plots are mainly located at larger n=N, as shown in Fig. 4 , meaning that the linear regression at lower n=N is less reliable. However, Rs=Rs 0 during the D-A period is also a linear function of n=N at all stations, indicating that it can be statistically assumed that Rs=Rs 0 is a linear function of n=N, even if the characteristics may vary with the region. For the case of all seasons, di¤erent relationships between n=N and Rs=Rs 0 may exist from that during the M-N and D-A periods. However, from a statistical viewpoint, the daily mean n=N has a linear correlation with daily mean Rs=Rs 0 .
Regression analysis for practical estimation of
Rs using sunshine duration Based on the above analysis, the following regression equations for the estimated daily Rs are derived from the 10 stations during the M-N period, the D-A period, and all seasons, respectively, from 1998 to 2000. where r is the correlation coe‰cient. The units of Rs and sunshine duration are MJ day À1 and hour, respectively.
Rs
To verify the above regression equations, equations (6)- (8) Table 2 summarizes the RMSE and the MAPE of the comparison between Rs estimated by these equations and that estimated from Equation (1) at each station in the M-N and D-A periods. For the case of the M-N period, the RMSE of Rs at all stations estimated by regression equations (6) and (8) on the daily scale is fairly ac- curate compared with the Rs estimated by equation (1). For the case of the D-A period, the RMSEs of Rs at all stations estimated by Equation (7) and (8) on a daily scale show less accuracy than equation (1). Because the relationships between n=N and Rs=Rs 0 during the D-A period vary considerably with the region, it is reasonable that the Rs estimated by equation (1) is better than that estimated by equations (6)- (8). In addition, the parameter c in equations (6)- (8) from 2001 to 2002 is 0.22, 0.13, and 0.21, respectively. Because the actual number of hours of bright sunshine is determined by more than 150 W m À2 (13 MJ day À1 ), the statistical distribution of Rs=Rs 0 ranging from 0 to 13 MJ day À1 is able to indicate when the maximum possible number of daylight hours is zero. Furthermore, there is no indicator for estimating Rs because n ¼ 0. Hence, further investigation of the relationship between Rs and other micrometeorological factors for accurate Rs estimation when n ¼ 0 is necessary.
The above analysis indicates that daily Rs can be approximated within 10% error using only daily sunshine duration data, and the error is approximately the same as that of the Rs estimated by Equation (1). Figure 7 shows the spatial distribution of mean daily Rs over the M-N and D-A periods in 2001. This spatial distribution is estimated from the sunshine duration data observed at 34 agrometeorological stations throughout Thailand using the proposed Equation (6) for the M-N period and Equation (7) for the D-A. The maximum of mean daily Rs is 19.0 (17.7) MJ day À1 in the M-N (D-A) period, which is located at around central Thailand for both periods. On the other hand, the minimum Table 2 . Root mean square error (MJ/day) and mean absolute percentage error (%) of estimated solar radiation by the derived formulas. The data at UB and ST during the D-A period is missing value because of the lack of the observation data. ''Eq6'' is the result from Equation (6), ''Eq7'' is from Equation (7), and ''Eq8'' is from Equation (8).
''Eq1'' is the result estimated from Equation (1) 
Conclusions
Regression equations for predicting solar radiation (Rs) from the sunshine duration in Thailand are proposed in this study. The empirical relationships obtained between sunshine duration and Rs show di¤erent characteristics between the May to November (M-N) period and the December to April (D-A) period. Moreover, di¤erent characteristics are found for di¤erent regions in Thailand during the D-A period. However, daily mean n=N and Rs=Rs 0 at all stations show a linear correlation. Three empirical equations are derived by applying regression analysis, and the characteristics of daily mean Rs estimated by the derived regression equations are analyzed. The mean Rs in the M-N period has a larger range of statistical distribution than that in the D-A period. Validation indicates that the estimation errors of the derived regression equations are approximately 10% on the daily scale for the case of n=N > 0. Although additional validation is needed particularly for the D-A period and for the case of n ¼ 0, the derived empirical equations in this study can be used as a practical method for estimating Rs over Thailand. 
